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DYRKI1A (dual specificity tyrosine phosphorylation-regu-
lated kinase 1A) has been shown to be involved in learning and
memory impairments in Alzheimer disease and Down syn-
drome. As a homolog of Drosophila minibrain gene, DYRK1A
also plays important roles in neurodevelopment; however, the
function and regulatory mechanism of DYRK1A in neurodevel-
opment remain elusive. REST (RE1 silencing transcription fac-
tor) plays vital roles in neuronal differentiation. Here, we found
that REST can activate DYRKIA transcription via a neuron-re-
strictive silencer element at bp —833 to —815 of human
DYRKIA promoter. The coordinated expression of DYRK1A
and REST in mouse brain further supports the cross-interaction
of DYRK1A and REST during neurodevelopment. Moreover, we
showed that DYRK1A dosage imbalance reduced REST protein
stability and transcriptional activity through facilitating ubiq-
uitination and subsequent degradation of REST protein. There-
fore, the regulation of DYRK1A by REST in a negative feedback
loop suggests that DYRK1A and REST are closely related in
neurodevelopment.

DYRKIA, an evolutionarily conserved and proline-directed
protein kinase (1), has been shown to be involved in learning
and memory impairments in Alzheimer disease and Down syn-
drome (DS)? (2). As a member of the DYRK family, DYRKIA
can catalyze tyrosine-directed autophosphorylation as well as
phosphorylation of serine/threonine residues in exogenous
substrates. By phosphorylating the SP motif of NFAT, DYRK1A
can cooperate with RCANI1 (regulator of calcineurin 1) and
counteract with calcineurin in the regulation of NFAT signal-
ing pathways (3, 4). Substrates or interacting proteins of
DYRKIA comprise more than two dozen proteins including
Notch, STAT3, FHKR, Gli-1, eIF2Be¢, dynamin, glycogen syn-
thase, 14-3-3, CREB, cyclin L2, Arip4, Hip-1, PAHX-AP1,
HPV16E7, and caspase 9 (6, 8 —10). The substrate diversity indi-
cates the pleiotropic roles of DYRK1A in multiple pathways.
The homolog protein of DYRK1A in Drosophila is mnb (mini-
brain), mutation of which caused specific defects in neurogen-
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esis. Transgenic mice overexpressing DYRKIA exhibited
delayed craniocaudal maturation with impairments in motor
skill acquisition and spatial learning (11, 12). The Dyrkla
knock-out mice are embryonically lethal, and the reduced post-
natal viability, small body size, and neurobehavioral abnormal-
ities of Dyrkla heterozygotes indicate the vital and nonredun-
dant role of DYRK1A in neurodevelopment (13, 14). However,
the function and molecular mechanism of DYRKI1A regulation
in neurodevelopment remain elusive.

REST (RE1 silencing transcription factor)/neuron-restrictive
silencer factor blocks transcription of its target genes by bind-
ing to a 21-bp DNA element, RE1-binding site/neuron-restric-
tive silencer element (RE1/NRSE), through its eight C2H2 zinc
fingers in the regulatory regions of target genes (15, 16). REST
modulates expression of genes encoding fundamental neuronal
functions including ion channels, synaptic proteins, and neu-
rotransmitter receptors (15, 17). Although serving as a master
repressor of target genes in non-neuronal tissues (18), REST is
essential for the orchestrated activation of target genes during
neuronal development, acting as either a silencer or an activa-
tor (19, 20). Recent reports have shown that REST is regulated
by phosphorylation and subsequent ubiquitin-mediated prote-
olysis in a SCFP"TR<F (E3 ubiquitin ligase)-dependent manner
(21, 22). DS is characterized by a variety of phenotypic traits
including mental retardation and early onset of Alzheimer dis-
ease neuropathology in the brain. It was found that REST
expression was decreased in cultured fetal DS brain cell-derived
neurospheres (17) as well as in the brains of DS mouse models
(23). Using partially trisomic embryonic stem cells, a recent
study indicated that the dosage imbalance in the DYRK1A gene
contributed to the reduction in REST expression (23). Another
recent study showed that Dyrkla can interact with a SWI/SNF
complex known to interact with REST, and its dosage imbal-
ance deregulates Rest gene expression in DS mouse models
(24). These reports suggest that there is cross-talk between
REST and DYRK1A. DYRK1A may fulfill its function in neuro-
development through its regulation of REST expression.

In the present study, we found that REST can activate
DYRKIA transcription via a NRSE site at bp —833 to —815 of
human DYRKIA promoter, whereas DYRK1A imbalance can
destabilize REST protein expression and reduce its transcrip-
tional activity, thus forming a negative feedback loop in reg-
ulating DYRKI1A expression. Our study showed that REST
and DYRKIA are coordinately expressed during neurodevel-
opment. These results suggested that the cross-interaction
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between DYRK1A and REST plays a vital role in
neurodevelopment.

EXPERIMENTAL PROCEDURES

Cloning of Human DYRKIA Promoter and Construction of
Chimeric Luciferase Reporter Plasmids—The 5’ upstream
region of human DYRKIA gene (—1079 to +48 bp, pDYluc-A)
was obtained by PCR of genomic DNA isolated from human
HEK293 cells using a pair of primers (5'-TTCCCCAGC-
CCCTACCCT-3" and 5-CCGCTTCCTCCGGTGAGT-3').
The transcription start site of DYRKIA gene was referred as
bp +1 according to a previous study (29). Various 5’ upstream
fragments of human DYRKIA gene were amplified by PCR from
the 1127-bp fragment and inserted in front of the luciferase
reporter gene in pGL3-Basic vector. The primers used to gen-
erate different promoter deletion plasmids were as follows:
forward, 5'-GAGACTGCTGCTGTCGCT-3" (pDYluc-B) and
5'-TGTTGGTGCCGCTGCC-3" (pDYluc-C), and reverse:
GLprimer2 (Promega). The pDYlucm was made to contain
mutations of the first NRSE site (GTCAGCACGTCAGC-
CGGGGTTT was mutated to GTtcgtACGTCtcgtGGGGTTT).
All of the constructs were verified by sequencing and restriction
enzyme digestions.

Cell Culture and Luciferase Assay—HEK293 cells, a trans-
formed human embryonic kidney cell line, C6, rat glial cell
strain, and neuro-2a (N2a), a mouse neuroblastoma cell line,
were cultured in high glucose Dulbecco’s modified Eagle’s
medium (Hyclone, South Logan, UT) supplemented with 10%
fetal bovine serum, 1 mm sodium pyruvate, 2 mm L-glutamine,
and 100 units/ml penicillin-streptomycin (Invitrogen). PC12
cells, a cell line derived from a pheochromocytoma of the rat
adrenal medulla, were cultured in the same condition except for
5% fetal bovine serum and 10% horse serum. All of the cells
were maintained at 37 °C in an incubator containing 5% CO.,.
All of the transfections were carried out with Lipofectamine™
2000 transfection reagent (Invitrogen) according to the manu-
facturer’s instructions. Luciferase activity was determined fol-
lowing a protocol supplied by the dual luciferase reporter assay
kit (Promega) as described previously (25). Firefly luciferase
activity was normalized to the Renilla luciferase activity and
expressed as relative luciferase units. For protein half-life
experiments, the cells were chased with cycloheximide (50
pg/ml) for the indicated times and lysed in radioimmune pre-
cipitation assay buffer.

mRNA Quantification—Total RNA was isolated from mouse
brain or cells by TRIzol (Invitrogen). Moloney murine leukemia
virus reverse transcriptase (Promega, Madison, WI) was used to
synthesize the first strand of cDNA from equal amounts of RNA
samples, according to the manufacturer’s instructions. Here,
20-35 cycles of PCR were used to cover the linear range of the
PCR amplification. The mRNA of DYRKIA expression was
quantified using the ABI 7900 HT Fast real time PCR system
(Applied Biosystems, Foster City, CA) using the TagMan® gene
expression assay (ABI assay ID: Hs00680802_m1). 18 S rRNA
was chosen for internal control. The mRNA of REST and BDNF
(brain-derived neurotrophic factor) was quantified by SYBR®
Green-based gene expression analysis (Applied Biosystems).
The primers for real time quantitative and semi-quantitative PCR
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were as follows: human DYRK1A (450 bp), forward, 5'-
CGTGGTTCATTTGCTTGTGT-3', and reverse, 5'-CGAGGA-
AGAAGTCGTTGAGG-3'; mouse DYRKIA (300 bp), forward,
5'-GAGACACACAGTCCCCAGGT-3’, and reverse, 5'-ACTG-
TGGCCAACCTCCATAG-3'; human REST (137 bp), forward,
5-ACTCATCACGGAGAACGCCC-3', and reverse, 5'-GAGG-
CCACATAACTGCACTG-3'; mouse REST (244 bp), forward, 5'-
CGAGTCTCAGGAAATTGATGA-3', and reverse, 5'-GCGAT-
TGAGGTGTTTGCTATA-3'; human BDNF (168 bp), forward,
5-GATGCTCAGTAGTCAAGTGCC-3', and reverse, 5'-GCC-
GTTACCCACTCACTAATAC-3'; mouse BDNF (114 bp), for-
ward, 5-CCATAAGGACGCGGACTTGTA-3', and reverse,
5-TTTGCGGCATCCAGGTAATTT-3’; human and mouse
B-actin (141 bp), forward, 5'-GACAGGATGCAGAAGGAGAT-
TACT-3’, and reverse, 5'-TGATCCACATCTGCTGGAAGGT-
3’; human B-actin (250 bp), forward, 5'-CATGTACGTTGCTA-
TCCAGGC-3’, and reverse, 5'-CTCCTTAATGTCACGCACG-
AT-3'; and human B-actin (462 bp), forward, 5'-GGACTTGCA-
AGAGATGG-3', and reverse, 5'-GAAGCATTTGCGGTG-
GAG-3'.

Immunoblotting—The cell lysates were resolved by 12% SDS-
PAGE, and immunoblotting was performed as described previ-
ously (26). The primary antibodies used were rabbit anti-REST
polyclonal antibody (07-579; Upstate, Waltham, MA), anti-
FLAG M2 monoclonal antibody (F1804; Sigma-Aldrich), and
B-actin mAb (AC-15; Sigma-Aldrich) according to the manu-
facturers’ instructions. Detection and quantifications were per-
formed with the Li-Cor Odyssey imaging system and its
software.

Immunofluorescence—Brains from 6-month-old C57BL/6
mice were fixed and sectioned to 8-um thickness with a Leica
cryostat. The slices were immunostained with rabbit anti-
DYRKI1A (1:25; Cell Signaling Technology, Danvers, MA), rab-
bit anti-REST (1:500; Upstate), or mouse anti-MAP-2 (1:100;
Vector Laboratories, Burlingame, CA) primary antibodies at
4°C overnight. Fluorescein-conjugated AffiniPure donkey
anti-mouse (1:100; Jackson ImmunoResearch, Luton, United
Kingdom) or Cy3-conjugated AffiniPure Goat anti-rabbit sec-
ondary antibodies (1:100; Jackson ImmunoResearch) were used
to visualize the signals. The slices were also stained with DAPI
(1 pg/ml; Roche Applied Science) to visualize the nucleus. The
results were analyzed with a fluorescence microscopy
(DMI4000B; Leica).

Electrophoretic Mobility Shift Assay—Consensus oligonu-
cleotides NRSE sense: 5'-TTCAGCACCACGGACAGCGCC-
3’, and NRSE antisense: 5'-GGCGCTGTCCGTGGTGCT-
GAA-3', were end-labeled with nearly infrared IRDye 700
(Bioneer) to generate a double-stranded oligonucleotide probe.
Consensus NRSE, mutant consensus NRSE, and three putative
NRSE sites in the promoter region of human DYRKIA gene
were also synthesized to generate double-stranded competi-
tors. The sequences of consensus NRSE and mutant NRSE
oligonucleotides (sense strand) are 5'-TTCAGCACCAC-
GGACAGCGCC-3' and 5'-TTtcgtACCACtcgtAGCGCC-3'
(Bioneer), respectively. The sense sequence of three putative
NRSE sites were NRSE-DY1: 5'-CGTCAGCACGTCAGC-
CGGGGTTT-3"; NRSE-DY2: 5'-GACTGCTGCTGTCGCT-
GCTGCTGATCGCG-3’; and NRSE-DY3: 5'-TGCTGCT-
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GCTGTTCCTGCTGCTGCTGT-3'. Briefly, DYRK1A-NRSE
infrared probes (50 nm) were incubated with or without HeLa
nuclear extract (Promega) in gel shift binding buffer containing
100 mm Tris, 500 mm KCl, 10 mm DTT, pH 7.5, 25 mMm DTT,
2.5% Tween® 20, poly(dI-dC), 1 ug/ul in 10 mm Tris, 1 mm
EDTA at room temperature for 20 min. For the competition
assay, HeLa nuclear extract was incubated with excessive com-
petitor as indicated. The nuclear extraction from N2a cells was
performed using a Chemicon nuclear extraction kit (2900; Mil-
lipore) according to the manufacturer’s instructions. The sam-
ples were analyzed by 4% (upper gel) and 8% (lower gel) nonde-
naturing PAGE. The gel was scanned and analyzed by Li-Cor
Odyssey imaging system.

Chromatin Immunoprecipitation—ChIP experiments were
performed according to protocols of the EZ ChIP™ assay kit
(17-371; Upstate). Briefly, 5 X 10° cells were fixed with 1%
formaldehyde for 10 min at 37 °C. The cells were washed exten-
sively with PBS, and the chromatin was sheared by sonication to
200-1000 bp fragments. The cross-linked REST-DNA com-
plex was immunoprecipitated with anti-REST antibody (1:500;
Upstate). Normal mouse IgG was used as negative controls. PCR
was performed using the DNA reversed from the cross-linked
complex with two pairs of primers (NRSE-DY1: 5'-AGGAGGG-
AACGGAATCT-3" and 5'-ATTATTATTCGGGCGGGA-3';
and NRSE-DY3: 5'-TTCTGCTGCTGCTGTTCC-3" and
5'-ACACTCGCACTCACACCG-3').

Expression Vectors and siRNA Assay—The vector pBDNFluc
was kindly provided by Dr. Masaaki Tsuda (27). Human REST
c¢DNA was cloned using a pair of primers: 5'-GGAATTCATG-
GCCACCCAGGTAATGGG-3" and 5'-CCCAAGCTTAGCT-
CCTGCCCTTGAGCTG-3'. REST-FS mutant was amplified
using reverse primer 5'-CCCAAGCTTCATTTTTTCATGC-
AAGTATTTTG-3" and the same forward primer as wild type.
Human DYRKIA vector was cloned using primers 5'-GGGG-
TACCATGCATACAGGAGGAGAGAC-3 and 5'-CCGCTC-
GAGTCACGAGCTAGCTACAGGACTC-3'. Human REST
siRNA was generated using pSUPER vector as described previ-
ously (26). The target sequence for human REST siRNA is
GCTACAATACTAATCGATA. DYRKI1A siRNA was gener-
ated using pGFP-V-RS vector (OriGene, Rockville, MD). The
target sequence for DYRK1A siRNA is GCCACTTTATGTT-
TCGAAA, which is homologous in both human and mouse
DYRKI1A gene.

Data Analysis—All of the experiments were repeated three
to five times. For immunoblotting, immunofluorescence, and
quantitative real time RT-PCR, one representative picture is
shown; quantifications are from three or four independent
experiments. The values represent the means * S.E. The data
were evaluated for statistical significance with analysis of vari-
ance or Student’s ¢ test analysis.

RESULTS

REST Can Activate Human DYRKIA Gene Transcription—
To further clarify the molecular mechanism of DYRKIA gene
transcription, we cloned a 1127-bp fragment of the 5’-flanking
region of the human DYRKIA gene into promoter-less plasmid
pGL3-Basic. Because pGL3-Basic vector lacks eukaryotic pro-
moter and enhancer sequences upstream of a reporter lucifer-
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FIGURE 1. REST activates human DYRK1A gene transcription. A, pDYluc-A
contains the functional promoter of DYRK1A gene. The promoter construct
pDYluc-A, containing the 1127-bp fragment from the human DYRK1A gene
5'-UTR, was transfected into HEK293 cells. Luciferase activity was measured
24 h after transfection by a luminometer. The values represent the means =
S.E. (n = 3). * p < 0.001 by Student's t test. B, DYRK1A gene promoter is
activated by REST. REST was co-transfected with pDYluc-A into HEK293 cells.
Luciferase assay was performed 24 h after transfection. The values represent
the means = S.E. (n = 3).* p < 0.001 by Student’s t test. C, RT-PCR showed
that REST knockdown construct psiREST can knock down Rest mRNA expres-
sion. B-Actin was used as the internal control. The values represent the
means = S.E. (n = 3).*,p = 0.0006 by Student’s t test. D, the knockdown effect
of psiREST was verified in protein level by Western blot. HEK293 cells were
co-transfected with REST expression plasmid and psiREST. REST was detected
with anti-REST antibody. B-Actin was used as loading control. The values rep-
resent the means = S.E. (n = 3). *, p = 0.04 by Student’s t test. £, RT-PCR
showed that BDNF mRNA was repressed by REST overexpression in HEK293
cells. B-Actin was amplified as the internal control. *, p < 0.001 by Student’s t
test. F, RT-PCR showed that REST overexpression significantly increased
DYRKTA mRNA, whereas REST knockdown significantly decreased DYRK1A
mRNA levels. B-Actin was amplified as the internal control. The values repre-
sent the means = S.E. (n = 3). %, p < 0.001 by Student’s t test. G, real time PCR
showed that DYRK1A expression was elevated with REST overexpression. Tag-
Man gene expression assay of DYRKTA was performed with an ABI 7900HT
real time PCR system. 18 S rRNA was chosen for the internal control. The
values represent the means = S.E. (n = 4). *, p = 0.0032 by Student’s t test.
Con, control.

ase gene, the expression of luciferase activity in cells transfected
with this plasmid depends on the insertion and proper orienta-
tion of a functional promoter upstream of the luciferase gene.
Plasmid DNA pDYluc-A (—1079 to +48 bp) was transfected
into HEK293 cells, and luciferase activity was measured by a
luminometer to reflect promoter activity. pDYluc-A trans-
fected cells had significantly higher luciferase activity com-
pared with controls (8.18 = 0.56 compared with 0.058 * 0.001
relative luciferase units, p < 0.0001; Fig. 1A), indicating that the
1.1-kb fragment contains the functional promoter region of the
human DYRKIA gene. A computer-based transcription factor-
binding site search by the JASPAR database revealed that this
1127-bp 5'-flanking region contains three putative NRSE,
which are binding sites for the zinc finger protein REST. To
investigate whether DYRK1A transcription can be regulated by
REST, we transfected HEK293 cells with REST expression con-
struct and examined the promoter activity of human DYRKIA
gene. Luciferase assay showed that REST overexpression
increased DYRKIA promoter activity in a dosage-dependent
manner (p < 0.001; Fig. 1B), indicating DYRKIA expression
may be up-regulated by REST.

To further examine whether REST can regulate DYRKIA
transcription, a pSuper-based REST siRNA (psiREST) was con-
structed to knock down REST. REST expression can be reduced
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by psiREST to 24.83 * 6.52% of controls at mRNA level (p =
0.0006; Fig. 1C) and 43.83 £ 10.66% of controls at protein level
(p = 0.04; Fig. 1D) in HEK293 cells. Although usually working
as a repressor to down-regulate its target genes such as BDNF
(39.39 £ 0.38% of controls, p < 0.0001; Fig. 1E), overexpression
of REST in HEK293 cells can significantly increase DYRKIA
mRNA levels to 158.8 * 3.69% of controls (p = 0.0006; Fig. 1F,
second lane). Moreover, knockdown of REST expression in cells
can markedly reduce the DYRKIA mRNA levels to 31.94 =
2.59% of controls (p = 0.0003; Fig. 1F, third lane). To further
confirm this, real time PCR of DYRKIA was performed using
ABI TagMan gene expression assay. Real time PCR also con-
firmed that DYRKIA expression was elevated with REST over-
expression to 309.4 * 21.89% of controls (Fig. 1G). Similar
DYRKIA transcriptional activation by REST was observed in
N2a and PC12 cells (data not shown). Together, these results
indicate that the transcription of human DYRKIA gene can be
activated by REST.

Identification of the Functional NRSE Site in DYRKI1A Gene
Promoter—QOur above results showed that DYRK1A can be reg-
ulated by REST. REST regulates the transcription of a large
number of neuronal genes by binding to NRSE, a 21-bp consen-
sus DNA sequence, which is present in the regulatory regions of
neuronal genes. The sequence analysis of DYRKIA gene pro-
moter region revealed three putative NRSE elements, located
from —833 to —815 bp, —644 to —626 bp, and —550 to —534
bp, respectively. To determine whether DYRKIA gene pro-
moter contains functional NRSE, a series of luciferase reporter
gene plasmids with different upstream deletions of human
DYRKIA gene promoter region were constructed (Fig. 2, A and
B). Different deletion plasmids were transfected into REST-
competent C6 or REST-incompetent PC12 cells (Fig. 2C).
Luciferase assay showed that pBDNFluc, containing a repress-
ing NRSE site in the rat Bdnf promoter upstream of luciferase
gene, had higher promoter activity in PC12 cells (0.24 = 0.006
relative luciferase units) compared with C6 cells (0.13 = 0.007
relative luciferase units) (p < 0.0001; Fig. 2C, first and second
bars). DYRK1A promoter constructs pDYluc-A showed higher
promoter activity in C6 cells. However, further deletion of the
first NRSE from —1079 bp in pDYluc-A to —651 bp in
pDYluc-B abolished the differential effect in C6 and PC12 cell
lines (Fig. 2C), indicating that the NRSE site was located in the
region of —1079 to —651 bp. The region from —1079 to —651
bp contains the first putative NRSE site located from —833 to
—815 bp (Fig. 24). No differential effect was observed in dele-
tion constructs pDYluc-B and pDYluc-C, indicating that the
other two predicted NRSE sites did not respond to REST (Fig.
2C). To further confirm the location of NRSE, we co-trans-
fected the DYRKIA promoter deletion constructs with REST
expression vector into PC12 cells. Luciferase assay revealed that
REST expression can decrease the promoter activity of Bdnf
and increase the promoter activity of DYRKIA that contains
the NRSE site from —833 to —815 bp (Fig. 2D). The con-
structs of pDYluc-B and C, without the first putative NRSE
site, did not respond to REST expression in PC12 cells (Fig.
2D). Furthermore, the mutation of the NRSE site at —835 to
—815 bp of DYRKI1A promoter abolished the effect of REST
overexpression (Fig. 2E, third and fourth bars). These data
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FIGURE 2. Identification of a functional NRSE site in human DYRK1A pro-
moter. A, schematic diagram of the human DYRK1A promoter deletion con-
structs consisting of a 5’-flanking region with serial deletions cloned into
pGL3-Basicin front of the luciferase gene (Luc). Arrowheads indicate the direc-
tions of transcription. The numbers represent the end points of each con-
struct. The positions of three putative NRSE sites are shown at the bottom.
B, the deletion plasmids were confirmed by sequencing and restriction
enzyme digestion checking on a 1.5% agarose gel. Vector size is 4.7 kb, and
the DYRK1A gene 5’-flanking fragment inserts range from 0.5 to 1.5 kb. C, the
deletion plasmids were transfected into REST-competent C6 or REST-incom-
petent PC12 cells. Plasmid pRL-TK was used to normalize the transfection
efficiency, and luciferase activity was measured at 24 h by aluminometer. The
values represent the means = S.E. (n = 5). * p < 0.001 by Student’s t test.
D, PC12 cells were co-transfected with REST expression vector and various
DYRK1A promoter deletion constructs. Luciferase assay was performed 24 h
after transfection. The values represent the means = S.E. (n = 5). *, p < 0.001
by Student’s t test. E, pDYlucm was made to contain the mutant NRES site of
DYRK1A promoter. The mutant plasmid, as well as the wild type pDYluc-A,
was co-transfected with REST expression plasmid into HEK293 cells. Plasmid
pRL-TK was used to normalize the transfection efficiency, and luciferase activ-
ity was measured at 24 h by a luminometer. The values represent the
means = S.E. (n = 3). *, p < 0.01 by Student’s t test. F and G, EMSA was
performed with IRDye 700-labeled consensus NRSE oligonucleotides (F) or
NRSE site of DYRK1A promoter (G). First lane, labeled probe without nuclear
extract. Second lane, incubation of infrared labeled NRSE probe with Hela
nuclear extracts retarded the migration rate of the labeled probe, which
formed a new shifted DNA-protein complex band. The addition of anti-REST
antibody further shifted the band to a larger mass shown by a longer running
time (third lane in the lower panel of G). Competition assays were performed
by further adding different concentrations of molar excess of unlabeled com-
petitive oligonucleotides. H, anti-REST antibody was used to immunoprecipi-
tate the cross-linked REST-DNA complex in ChIP assay in SH-SY5Y cells. A pair
of primers targeting DYRK1A was used to amplify NRSE-DY1 and NRSE-DY3.
Signals amplified from input were used as size markers. Mouse IgG was used
as a negative control. Con, control.

indicate that the NRSE site located from —833 to —815 bp
may be responsible for the activational effect of REST in
DYRKIA gene transcription.

To determine whether the NRSE located from —833 to —815
bp in DYRKIA promoter can bind to REST, EMSA was per-
formed. Consensus NRSE, a 21-bp double-stranded oligonu-
cleotide probe corresponding to NRSE canonical sequence, was
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FIGURE 3. DYRK1A and REST coordinately expressed in mouse brain during neurodevelopment and in cell lines. A and B, immunofluorescence staining
was performed on coronal slices from adult mouse brain. A Cy3-conjugated anti-rabbit secondary antibody was used to visualize DYRK1A (A7 and B, red) and
REST (A4 and B5, red). MAP2 (microtubule-associated protein 2) was stained to serve as a neuronal marker. A fluorescein-conjugated anti-mouse secondary
antibody was used to visualize MAP2 (B2 and B6, green). The nuclei were counterstained with blue DAPI (A2, A5, B3, and B7). Overlay showed that both DYRK1A
and REST are enriched in neurons in hippocampus (A3 and A6) and cerebral cortex (B4 and B8). The images were captured with a Leica fluorescence microscope
at X400 (A) or X600 (B). C, quantitative RT-PCR was performed on cDNA templates prepared from normal mouse brain aging at embryonic days 13 (E73) and
17 (E17); at P1,P7, P14, and P30; and in adult mice. One to three mice were used in each time point as indicated by the numbers after the hyphens. p = 0.0028
by correlation test. Rest (D) and Dyrk1a (E) mRNA levels were determined by RT-PCR in C6, N2A, and PC12 cells. 3-Actin was amplified as the internal control.
F, quantification of D and E showed that Rest and Dyrk1a were coordinately expressed atlow levelsin PC12 cells and at high levels in N2a and C6 cells. The values

represent the means = S.E. (n = 3).*, p = 0.0002 by correlation test.

synthesized and end-labeled with IRDye 700 infrared dye. Con-
sensus NRSE, mutant consensus NRSE, and three putative
NRSE sites in DYRK1A promoter were also synthesized as cold
probes. A shifted DNA-protein complex band was detected
after incubation of the labeled consensus NRSE probe with
HeLa nuclear extract (Fig. 2F, lane 2). The binding intensity of
this shifted band was significantly reduced by applying 50- or
100-fold molar excess of unlabeled consensus NRSE competi-
tive oligonucleotides (Fig. 2F, lanes 3 and 4). The incubation of
200-fold excessive mutant NRSE oligonucleotides had no com-
petitive effect on the shifted NRSE-REST band (Fig. 2F, lane 5).
The addition of 50- and 100-fold excess of NRSE-DY1, corre-
sponding to the NRSE site from —833 to —815 bp of the
DYRKIA promoter region, reduced the NRSE-REST shifted
band in a dosage-dependent manner (Fig. 2F, lanes 6 and 7).
However, the NRSE-DY2 and NRSE-DY3, corresponding to
—644 to —626 bp and —550 to —534 bp of DYRKIA promoter
region, respectively, had no competitive effect at 50-, 100-, or
200-fold excess (data not shown). Furthermore, similar results
were achieved by using the NRSE site at —835 to —815 bp of
DYRKI1A promoter as probe (Fig. 2G). The supershift band
with the addition of anti-REST antibody further confirmed
the specific binding complexes (Fig. 2G, third lane). These
results demonstrate that the NRSE-DY1 site at —833 to
—815 bp in human DYRKIA promoter can bind to REST
protein in vitro.

To confirm that the DY-NRSE1 site verified in vitro can actu-
ally bind to REST in vivo, ChIP was employed. ChIP-PCR
results showed that REST antibody effectively immunoprecipi-
tated the NRSE-DY1 site (Fig. 2H, second lane), indicating that
REST binds to the NRSE located at —833 to —815 bp. The
region of NRSE-DY3 (Fig. 2H, fifth lane) cannot be amplified
from immunoprecipitates, suggesting that REST did not bind
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to the NRSE-DY3 site in DYRKIA promoter. Together, these
data indicate that it is the first NRSE site, corresponding to
DYRKIA promoter —833 to —815 bp, that is actually responsi-
ble for the up-regulation of DYRKIA gene by REST.

DYRKIA and REST Are Coordinately Expressed in Mouse
Brain during Neurodevelopment and in Cell Lines—To provide
further evidence that REST expression can be regulated by
DYRKI1A, we detected the expression of DYRK1A and REST
proteins in adult mouse brains. Immunofluorescence staining
of adult mice brain slices showed that both DYRK1A and REST
were enriched in neurons of hippocampus (Fig. 34) and cere-
bral cortex (Fig. 3B). The co-localization of DYRK1A and REST
further supports the interactions of these two proteins. Both
REST and DYRKIA are critical factors in neurogenesis. To
investigate whether there are interactions between these two
proteins during neurodevelopment, we detected expression
levels of Dyrkla and Rest from the developing mouse brains.
RNA were extracted from normal mouse brain aging at embry-
onic days 13 and 17 and postnatal day 1 (P1), P7, P14, and P30.
The real time PCR results showed that mRNA levels of Dyrkla
and Rest were coordinately expressed with significant correla-
tion during neurodevelopment (p = 0.0028; Fig. 3C). Both
Dyrkla and Rest showed increased expression at P7-P14 and
then decreased at P30. We also examined the expression of
Dyrkla and Rest in several cell lines including the C6, N2a, and
PC12. Consistent with previous reports, PC12 cells had very
low levels of Rest expression (28), and correlatively, Dyrkla
expression is also almost undetectable in PC12 cell line (Fig. 3,
D and E). Strong Rest and Dyrkla signals were detected coor-
dinately in C6 and N2a cell lines (p = 0.0002; Fig. 3F).

REST Protein Stability Is Disturbed by DYRKIA Dosage
Imbalance—Rest mRNA has been shown to be down-regulated
by DYRKI1A protein imbalance in the mouse ES cell line (23);
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FIGURE 4. REST expression is down-regulated by DYRK1A protein imbal-
ance. A, psi-DY (siRNA against DYRK1A) was co-transfected with DYRK1A
expression plasmid into N2a cells. DYRKTA was detected by anti-FLAG (M2)
antibody. B-Actin was used as loading control. The values represent the
means = S.E. (n = 3). *, p < 0.0001 by Student’s t test. B, N2a cells were
transfected with DYRK1A expression vector pDYRK1A or knockdown vector
psi-DY. RestmRNA expression was detected by RT-PCR. B-Actin was amplified
as the internal control. The values represent the means = S.E. (n = 3).*, p <
0.0001 by Student's t test. C, N2a cells were co-transfected with REST expres-
sion vector and pDYRK1A or psi-DY. The cell lysates were separated with 12%
SDS-PAGE. REST expression was detected by anti-REST antibody. B-Actin was
used as loading control. The values represent the means = S.E. (n = 3).*,p <
0.01 by Student’s t test. D, HEK293 cells co-transfected with REST expression
vector, pUbi-His, and pDYRK1A or psi-DY were chased with 50 ug/ml cyclo-
heximide (CHX) for 1 and 2 h. REST expression was detected by anti-REST
antibody. B-Actin was used as loading control. £, HEK293 cells co-transfected
with REST expression vector and pDYRK1A or psi-DY were lysed and immu-
noprecipitated with anti-ubiquitin antibody (1:1000) and detected with anti-
REST antibody. The values represent the means = S.E. (n = 3). *, p < 0.01 by
Student'’s t test. F, N2a cells were co-transfected with C terminus REST trun-
cated mutant, FLAG-tagged REST-FS, together with pDYRK1TA or psi-DY.
REST-FS protein was detected by anti-FLAG (M2) antibody. B-Actin was used
as loading control. The values represent the means *+ S.E. (n = 3).p > 0.05 by
Student'’s t test. Con, control; IP, immunoprecipitation.

however, whether REST protein is regulated by DYRK1A is
still unknown. To investigate the interaction of DYRK1A
and REST proteins, we constructed DYRK1A expression vec-
tor pPDYRK1A and siRNA knock-out plasmid psi-DY. The tar-
get sequence of psi-DY is homologous in human and mouse.
RT-PCR showed that psi-DY can efficiently knock down
DYRKIA mRNA expression in both HEK293 and murine N2a
cells (data not shown). Western blot assay showed that psi-DY can
significantly knock down the expression of DYRKIA in N2a
cells transfected with DYRK1A expression vector (Fig. 4A).
Consistent with previous reports, RT-PCR clearly showed that
Rest gene expression was reduced by both knockdown and
overexpression of DYRK1A in N2a cells by 29.16 * 0.82% (p <
0.0001) and 42.62 * 1.57% (p < 0.0001) of controls, respectively
(Fig. 4B). To further examine whether REST protein level was
also affected by DYRK1A expression, HEK293 cells were co-
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transfected with REST expression vector and psi-DY or
pDYRKIA. Western blot assay showed that REST protein levels
were also markedly reduced by DYRK1A knockdown or over-
expression by 61.85 = 3.70% (p = 0.0041) and 28.46 * 1.80%
(p =0.0002) (Fig. 4C). The anti-REST antibody could not detect
endogenous REST expression in our Western blot assay (data
not shown), indicating that the reduction observed here is not
due to the down-regulation of endogenous REST mRNA. The
reduction of exogenously expressed REST implies that the
down-regulation by DYRK1A imbalance may affect post-trans-
lational modifications and subsequent protein stability. To fur-
ther investigate whether the REST reduction is associated with
its protein stability, HEK293 cells co-transfected with REST
and pDYRKI1A or psi-DY were chased with cycloheximide for 1
and 2 h. Western blot clearly showed that the half-life of REST
protein was shortened with DYRK1A or psi-DY transfection
(Fig. 4D), indicating that DYRK1A imbalance in cells can dis-
turb the protein stability of REST.

Recent reports showed that REST can be degraded by the
ubiquitin-proteasome system via phosphorylation at its C ter-
minus (21, 22). Next we examine whether this REST protein
instability caused by DYRK1A imbalance is associated with
its ubiquitination. HEK293 cells co-transfected with REST,
pUbi-His, and psi-DY or pDYRK1A were immunoprecipitated
with ubiquitin antibody and detected with anti-REST antibody.
Our results clearly demonstrated the increase of REST ubiquiti-
nation with DYRK1A imbalance (Fig. 4E, second and third lanes
versus first lane), although the REST input signal were reduced
with DYRK1A imbalance (Fig. 4E, fifth and sixth lanes versus
fourth lane). These results clearly demonstrated that DYRK1A
imbalance can reduce REST level via increasing the ubiquitina-
tion and subsequent degradation of REST.

REST-FS, a C-terminally truncated mutant of REST that was
firstly discovered in a colon cancer cell line, cannot be degraded
via the ubiquitin-proteasome system because it lacks the C ter-
minus containing the phosphorylation and ubiquitination sites.
To further confirm that the reduction of REST expression by
DYRKIA imbalance is related to its protein degradation,
REST-FS was co-transfected with psi-DY or pDYRKIA into
HEK293 cells. In contrast to the reduction in wild type REST,
there is no reduction in the C-terminally truncated REST-FS
expression with DYRK1A overexpression or knockdown (Fig.
4F), suggesting that the REST C terminus contributes to the
reductions induced by DYRK1A imbalance. These data suggest
that imbalance of DYRK1A may perturb the phosphorylation
and degradation pathway and subsequently reduces REST
expression through its C terminus.

Transcriptional Activity of REST Is Reduced by DYRKIA
Imbalance—The above results showed that REST mRNA and
protein was reduced by DYRK1A imbalance at transcriptional
and post-translational levels. To further confirm that REST
expression was perturbed by DYRK1A imbalance, EMSA was
performed to examine the binding ability of REST to its con-
sensus NRSE oligonucleotides. EMSA results showed that
nuclear extracts from N2a cells transfected with psi-DY and
pDYRKIA had significantly lower binding ability to REST pro-
tein compared with controls (Fig. 54, lanes 2 and 3 compared
with lane 4). The EMSA was also validated in cells co-trans-
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FIGURE 5. Transcriptional activity of REST was reduced by DYRK1A protein imbalance. A and B, EMSA showed that REST activity was perturbed by DYRK1A

imbalance. N2a cells were transfected with pDYRK1A and psi-DY (A) or co-tra
700-labeled consensus NRSE. Nuclear extracts were obtained from N2a cells tra

nsfected with REST expression vector (B). EMSA was performed with IRDye
nsfected with pDYRK1A (lane 2), psi-DY (lane 3), or empty vector (lane 4). The

specificity of REST-NRSE binding was indicated by competition by consensus NRSE oligonucleotides (lane 5) or NRSE mutant oligonucleotides (lane 6). Cand D,
N2a cells were transfected with DYRK1A expression vector pDYRK1A or knockdown vector psi-DY. Bdnf mRNA levels were detected by RT-PCR. B-Actin was
amplified as the internal control. The values represent the means *+ S.E. (n = 3). %, p < 0.001 by Student’s t test. £, the BDNF promoter construct pBDNFluc was
co-transfected with pDYRK1A or psi-DY. Luciferase assay was performed 24 h after transfection. The values represent the means = S.E. (n = 3). %, p < 0.001 by
Student’s ttest. F, the DYRK1A promoter construct pDYluc-A was co-transfected with pDYRK1A or psi-DY into N2a cells. Luciferase activity was measured at 24 h
by a luminometer. The values represent the means = S.E. (n = 4).*, p < 0.001 by Student’s t test. Con, control.

fected with REST expression plasmid and DYRK1A knock-
down or overexpression plasmid (Fig. 5B, lanes 2 and 3 com-
pared with lane 4), indicating that the transcriptional activity of
REST is also down-regulated by either knockdown or overex-
pression of DYRKI1A in cells. Taken together, our results dem-
onstrated that REST transcriptional activity was also reduced
by DYRK1A dosage imbalance.

To determine whether the transcriptional activity of REST
was also affected by DYRK1A, we examined the expression
of REST target gene Bdnf. Because Bdnf is a known gene
repressed by REST, elevation of Bdnf would indicate the
reduced transcriptional activity of REST. RT-PCR results
showed that Bdnf mRNA was significantly increased by
DYRK1A knockdown or overexpression by 215.0 £ 5.90%
(p = 0.0012) and 106.9 = 12.54% (p = 0.0083) (Fig. 5, C and
D). Consistent with this, the promoter activity of BDNF was
also significantly elevated by overexpression or knockdown
of DYRK1A by 596.1 = 45.99% (p < 0.0001) or 481.0 =
12.34% (p < 0.0001) (Fig. 5E).

Considering the reduction of REST by DYRK1A as well as
activation of DYRK1A transcription by REST, a negative feed-
back loop was formed in the regulation of DYRK1A, in which
DYRKI1A transcription should be indirectly affected by its own
protein expression. Consistent with this, luciferase assay
showed that the promoter activity of DYRK1A was reduced by
either overexpression or knockdown of DYRKI1A protein by
53.43 = 11.06% (p < 0.0001) and 51.54 * 9.10% (p = 0.0003) of
controls, respectively (Fig. 5F), which is due to the reduced
REST expression by DYRK1A imbalance. The sensitivity of
DYRKI1A expression to its own protein levels helps in maintain-
ing the homeostasis of DYRKIA in cells, suggesting that
DYRKI1A may play vital roles in cell function.
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REST

FIGURE 6. Schematic diagram of the cross-interaction of REST and
DYRK1A. The imbalance of DYRK1A expression in cells increases the phos-
phorylation and subsequent ubiquitination of REST protein. Ubiquitinated
REST can be degraded by proteasome, which results in the weaker transcrip-
tion of DYRKTA via a NRSE site located at DYRKTA gene promoter. Thus, a
negative feedback loop is formed in DYRK1A gene regulation.

DISCUSSION

This is the first study to show that DYRK1A is activated by
REST through a NRSE at —833 to —815 bp at its gene pro-
moter. In this study, we also first showed that DYRK1A dos-
age imbalance can reduce REST expression through facilitat-
ing the ubiquitination and subsequent degradation of REST.
Thus, a negative loop is formed in the regulation of DYRK1A
by REST (Fig. 6).

DYRKI1A is highly expressed in neuronal cells in central nervous
system (39, 40). The Allen Brain Atlas showed a particularly high
expression of DYRKI1A in neuronal cells in hippocampus. In
accordance with this, our data revealed that DYRK1A is enriched
in neurons, particularly in neurons of hippocampus. The mecha-
nism of DYRK1A gene regulation in the brain remains elusive.
Here our data showed that DYRK1A is activated by REST, a key
regulator of neurogenesis. The parallel expression of DYRK1A and
REST during neurodevelopment further supports the regulatory
role of REST in DYRK1A expression.
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DYRKI1A expression can be enhanced by treatment with
B-amyloid or overexpression of the transcription factor E2F1
(29, 38). DYRKI1A, located in the Down syndrome critical
region on chromosome 21, can phosphorylate microtubule-as-
sociated protein Tau at several sites in cultured cells, DYRKIA
transgenic mice, and adult DS brains (34 -36). Amyloid precur-
sor protein can also be phosphorylated by DYRK1A at Thr®®® in
vitro, and the A production was increased in vitro and in vivo
by DYRKI1A overexpression (37). DYRK1A level was also
shown to be significantly increased in hippocampus from
Alzheimer disease patients (38). It remains to be examined
whether DYRKIA will interact with REST and contribute to
Alzheimer disease pathogenesis.

Overexpression of REST has been found in human medullo-
blastomas and neuroblastomas (16), in which it is thought to
maintain the stem character of neural cells. Expression of a C
terminus truncated form of REST has been shown to be associ-
ated with neuronal tumors and small cell lung carcinomas (30,
31). REST-FS, a frameshift mutant truncated at C terminus, was
found to have oncogenic properties (32). REST level declines
with neuronal differentiation from embryonic stem cells to
neural stem and progenitor cells (19), indicating that REST is a
key transcription factor in neurogenesis. These studies suggest
that regulation of REST has important physiological and path-
ological consequences. Our studies here showed that DYRK1A
can regulate REST expression from transcriptional as well as
post-translational levels. The sensitivity of REST expression to
either overexpression or knockdown of DYRKIA implies that
DYRKI1A is a vital factor in regulation of REST level. Consistent
with this, recent reports showed that DYRK1A is elevated in DS
patients because of a gene dosage effect, which induced a
30-60% reduction of REST in DS brains and subsequently
disturbed the development of all embryonic lineages (23, 33).
Neurobehavioral abnormalities observed in both transgenic
and heterozygotes of DYRK1A indicate that the balance of
DYRKI1A is crucial to neurogenesis. Our study here showed
that the reduction of REST may be the underlying mecha-
nism through which neurobehavioral changes developed in
DYRKIA transgenic or heterozygotes.

The activation of DYRK1A by REST and reduction of REST
by DYRK1A together form a negative feedback loop in regula-
tion of DYRK1A (Fig. 6). Because both transgenic and heterozy-
gotes of DYRK1A showed neurobehavioral abnormalities, the
negative feedback loop in the regulation of DYRK1A by REST is
very important to the balance of DYRK1A expression as well as
its function. This negative feedback loop also plays important
roles in maintaining the homoeostasis of REST, supporting the
vital roles of REST and DYRKIA in the central nervous system.
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